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Vector Leptoquarks Beyond Tree Level II: O(αs) Corrections and Radial Modes
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1Physik-Institut, Universita¨t Zur¨ich, CH-8057 Zu¨rich, Switzerland
We clarify open issues in relating low- and high-energy observables, at next-to-leading order
accuracy, in models with a massive leptoquark embedded in a flavor non-universal SU(4)×SU(3)×
SU(2)×U(1) gauge group. Extending previous work on this subject, we present a complete analysis
of theO(αs) corrections to the matching conditions of semileptonic operators at the high scale. These
corrections are not negligible, but they do not exceed the 10% level and are subleading compared
to the O(α4) corrections proportional to the leading leptoquark coupling, which is expected to be
much larger than the QCD coupling in the parameter space region of phenomenological interest.
We further analyze the impact of radial modes, both at O(α4) and at O(αs) accuracy, highlighting
their role in the renormalization of the theory.
I. INTRODUCTION
Among the different explanations of the recent B-
physics anomalies (see e.g. [1] for a recent review), those
based on a Pati-Salam type [2] massive vector leptoquark
(LQ) turn out to be quite successful from a phenomeno-
logical point of view [3–7]. Various attempts have been
made to find a consistent ultraviolet (UV) completion
for this field [8–20]. Among them, those based on the
gauge group SU(4)× SU(3)′ × SU(2)L × U(1)X [13–20]
(originally proposed in [21, 22], and denoted as “4321”
in the following) are particularly interesting and well
motivated. This is the case especially for those imple-
mentations where the SM-like fermions are charged non-
universally [15–20]. The interest in such class of models
goes beyond their phenomenological impact in B-physics:
they hint to a possible solution of the Standard Model
(SM) flavor puzzle [15], and might also be able to address
the electroweak hierarchy problem [19].
To investigate the interplay between precision mea-
surements and collider searches in this interesting class
of models, it is important to explore the relation between
low- and high-energy observables beyond the tree level.
In a previous paper [23], we have evaluated the next-to-
leading-order (NLO) corrections in the perturbative ex-
pansion in the LQ coupling, α4 = g
2
4/(4π), to the match-
ing conditions of semileptonic operators at the high scale.
These corrections are sizable, but still within a perturba-
tive regime even for g4 ≈ 3 (a reference value motivated
by the B-physics anomalies, see e.g. [18]). The main ef-
fect is an enhanced LQ contribution at low-energy, at
fixed on-shell coupling, that for g4 = 3 ranges from 15%
to 40%, depending on the operator [23].
Our scope here is to analyze two subleading contribu-
tions that were not included in [23]: O(αs) corrections
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and the contributions from radial modes. Naively, both
effects are expected to be well below that of the leading
O(α4) corrections analyzed in [23] (for the phenomeno-
logically motivated large values of the g4 coupling), but
a precise assessment of their size is important.
As far as the O(αs) corrections to LQ-induced semilep-
tonic operators are concerned, a clarification of their size
is particularly motivated given the recent analysis in [24].
Employing an effective vector LQ model that is not UV
complete, it is claimed in Ref. [24] that these corrections
exceed the 10% level. As we show, this estimate is far
too big for the realistic class of models we are interested
in. This is because of two effects: i) the presence of ad-
ditional colored states with mass close to that of the LQ,
an unavoidable feature of realistic models addressing the
B-physics anomalies [13, 25]; ii) the lack of a physical
renormalization condition for the LQ coupling. A proper
treatment of both effects significantly reduce the impact
of the QCD corrections.
As far as radial modes are concerned, a clarification of
their role in the renormalization of the theory provides
a motivation for a deeper investigation of their effects.
As we show in this paper, one can completely decouple
these states only if the spectrum of the heavy vectors is
degenerate (in the so-called SU(4)V custodial limit). If
this is not the case, the infinite mass limit for the radial
modes leads to ambiguities in the estimate of NLO effects
that can be cured at the price of introducing indepen-
dent renormalization conditions for the couplings of the
different heavy vectors. However, we demonstrate that
for realistic spectra, with large but not infinite masses
for the radials, the size of these ambiguities is negligible
already at O(α4).
II. THE MODEL
We consider a model based on the SU(4) × SU(3)′ ×
SU(2)L × U(1)X gauge group. This symmetry contains
the SM gauge group as a subgroup: QCD corresponds
to the vectorial SU(3) subgroup of SU(4) × SU(3)′,
SU(2)L is as in the SM, and the hypercharge is defined in
2Field SU(4) SU(3)′ SU(2)L U(1)X
ψL 4 1 2 0
ψ+R 4 1 1 1/2
ψ−R 4 1 1 −1/2
qiL 1 3 2 1/6
uiR 1 3 1 2/3
diR 1 3 1 −1/3
Ω3 4¯ 3 1 1/6
Ω1 4¯ 1 1 −1/2
TABLE I. Matter fields with non trivial charges under SU(4)×
SU(3)′. Here i = 1, 2, ψL ≡ (q
3
L ℓ
3
L)
⊺, ψ+R ≡ (u
3
R ν
3
R)
⊺ and
ψ−R ≡ (d
3
R e
3
R)
⊺.
terms of the U(1)X charge X , and the SU(4) generator
T 15 = 1/(2
√
6) diag(1, 1, 1,−3) by Y = X +
√
2/3T 15.
Since in this paper we are interested in NLO corrections
in the SU(4) and SU(3)′ couplings, we simplify the anal-
ysis by setting the SU(2)L × U(1)X gauge couplings to
zero and we do not consider the SM Higgs sector. We
denote the SU(4) × SU(3)′ gauge couplings by g4 and
g3, respectively, and the corresponding gauge fields by
HAµ and C
a
µ, with A = 1, . . . , 15 and a = 1, . . . , 8. The
SM gluons, Gaµ, and the QCD coupling, gs, are given in
terms of the SU(4)× SU(3)′ couplings and fields by
Gaµ =
(
s3H
a
µ + c3 C
a
µ
)
, gs = g3 c3 = g4 s3, (1)
where c3 ≡ cos θ3 = g4/
√
g24 + g
2
3 , and s3 ≡ sin θ3 =
g3/
√
g24 + g
2
3 , and therefore c3 =
√
1− g2s/g24 . The ad-
ditional gauge bosons transform under the SM subgroup
as U ∼ (3,1, 2/3), G′ ∼ (8,1, 0) and Z ′ ∼ (1,1, 0). In
terms of the original gauge bosons, they are given by
G′ aµ = c3H
a
µ − s3 Caµ , Z ′µ = H15µ ,
U1,2,3µ =
1√
2
(
H9,11,13µ − iH10,12,14µ
)
. (2)
These become massive after the spontaneous symme-
try breaking of SU(4) × SU(3)′ → SU(3)c. The sym-
metry breaking is triggered by the vacuum expectation
value (vev) of two scalar fields transforming in the anti-
fundamental of SU(4), Ω1 and Ω3, singlet and triplet un-
der SU(3)′, respectively. The gauge boson masses read
mG =
g4
2c3
√
2ω23 , mZ′ =
g4
2
√
3ω21 + ω
2
3
2
,
mU =
g4
2
√
ω21 + ω
2
3 , (3)
with ω1,3 denoting the Ω1,3 vevs. In the limit ω1 = ω3
and g3 = 0, there is a residual custodial SU(4)V global
symmetry.1
The Ω1,3 fields decompose under the SM subgroup as
Ω†1 =
ω1√
2

 g4√2 1mU
(
φU + cotβ hU
)
1 + S1
ω1
+ i −3g4
2
√
6
1
m
Z′
(
φZ′ − 1√3 cotβ hZ′
)

 ,
Ω†3 =
ω3√
2

13×3
[
1 + 1√
3
S3
ω3
+ i g4
2
√
6
1
m
Z′
(
φZ′ +
√
3 tanβ hZ′
)]
+ T a
√
2
ω3
(
i φaG′ + h
a
G′
)
− g4√
2
1
mU
(
φ†U − tanβ h†U
)

 , (4)
with tanβ = ω1/ω3, and where φi and hi are, re-
spectively, would-be Goldstone and radial modes with
the same quantum numbers as the corresponding gauge
fields, and S1 and S3 are SM-singlet radial modes. An ex-
plicit expression for the renormalizable potential of Ω1,3
can be found in [14]. An interesting limit, realized in ex-
plicit frameworks such as the composite model in [19], is
1 We denote the custodial symmetry SU(4)V by the vectorial sub-
group of SU(4)×SU(4)′, with SU(4)′ ⊃ SU(3)′. In the custodi-
ally preserving limit, Ω1 and Ω3 can be seen as two components
of a single field Ω4, transforming as 4× 4¯ under SU(4)× SU(4)′
and responsible for the breaking SU(4)× SU(4)′ → SU(4)V .
that of heavy radial modes (i.e. M2R ≫ g24 ω23(1)). In this
limit, the effect of these fields decouple and we are left
with a non-linear realization of the SU(4) × SU(3)′ →
SU(3)c symmetry breaking. As we show in Section IV,
an ample class of physical observables can be evaluated
to NLO accuracy with no (or marginal) ambiguities also
in the non-linear case.
We focus on an implementation where the fermion sec-
tor is arranged in the following flavor non-universal way:
one generation is SU(3)′ singlet and transforms as Pati-
Salam representations under SU(4) × SU(2)L × U(1)X ,
while the other two generations are SU(4) singlets and
have SM charges under SU(3)′×SU(2)L×U(1)X . In the
absence of fermion mixing effects, which we do not con-
3sider here, the fermions charged under SU(4) are identi-
fied with the SM third family (plus a right-handed neu-
trino). We note that, although we focus on this specific
implementation, our results can be applied with minimal
changes to other models considered in the literature, like
the one in [13, 14]. The matter content (fermions and
scalars) with non trivial transformation properties under
SU(4)× SU(3)′ is summarized in Table I.
Finally, the interactions between the heavy vectors and
fermions read
Lint ⊃ g4√
2
Uµ ψ¯q γ
µψℓ + h.c.
+
g4
2
√
6
Z ′µ (ψ¯qγ
µ ψq − 3 ψ¯ℓγµ ψℓ) (5)
+g4 c3G
′ a
µ
[
ψ¯qγ
µ T aψq − s
2
3
c23
∑
i=1,2
q¯′ iγµ T aq′ i
]
,
where ψ = (ψq ψℓ)
⊺ generically denote the SU(4) fermion
multiplets, q = (u d)⊺ contains both chiralities, and T a
are the SU(3) generators.
III. MATCHING CORRECTIONS AT O(αs)
A. General strategy and operator basis
In this section, we evaluate the αs(m
2
U ) corrections to
the Wilson coefficients of the dimension-six semileptonic
operators involving SM third-generation fermions, and in
the limit of heavy radial modes. Following Ref. [23], we
adopt the following normalization
L = − g
2
4
2m2U
∑
k
Ck(µ)Ok , (6)
and operator basis
OULL = (ℓ¯3Lγµq3L)(q¯3Lγµℓ3L) ,
OULR = −2(ℓ¯3Le3R)(d¯3Rq3L) + h.c. ,
Old = (ℓ¯3Lγµℓ3L)(d¯3Rγµd3R) ,
O(1)lq = (ℓ¯3Lγµℓ3L)(q¯3Lγµq3L) ,
Oqe = (q¯3Lγµq3L)(e¯3Rγµe3R) ,
Ode = (d¯3Lγµd3L)(e¯3Rγµe3R) , (7)
where the quark and lepton fields belong to the SU(4)
charged fermions in Table I. The tree-level expression for
the Wilson coefficients read
CULL = CULR = 1 , [U1 exchange]
C(1)lq = Cld = Cqe = −
1
4xZ′
, [Z ′ exchange]
Cde = 1− 1
4xZ′
, [U1 & Z
′ exchange] (8)
where xZ′ = m
2
Z′/m
2
U .
The NLO corrections to the semileptonic amplitudes
we are interested in can be divided into two main cate-
gories: factorizable contributions (due to vertex and self-
energy diagrams), which enter as multiplicative correc-
tions to a given tree-level amplitude, and non-factorizable
corrections, arising from box diagrams. In Ref. [23], we
evaluated the α4 corrections employing an on-shell renor-
malization scheme where, by construction, the factoriz-
able corrections vanish on-shell. In the case of the αs cor-
rections, it is more convenient to perform the calculation
in the MS scheme, both because of infrared (IR) singu-
larities and because of the precise knowledge of αs in the
MS scheme (at arbitrary scales). However, proceeding
this way, we need to take an additional correction factor
into account in order to express the (unphysical) coupling
g4 appearing in the (high-scale) Lagrangian in terms of
some high-energy physical observable: we choose the lat-
ter to be the inclusive LQ decay width, and we denote
the corresponding physical coupling as gˆ4.
The calculation is performed in the Feynman gauge,
treating g4 and gs as two independent couplings, and re-
taining only corrections of O(αs), given the O(α4) con-
tributions have already been derived in [23]. The ampli-
tudes in the full theory receive contributions from both
gluon- and coloron-exchange diagrams (as well as the
corresponding ghost and Goldstone fields, in the case of
the vector self energy). For each gluon-mediated ampli-
tude, there is a corresponding coloron-mediated ampli-
tude whose coupling is proportional to (g4c3)
2 = g24− g2s .
This ensures a perfect cancellation of the UV divergences
proportional to g2s . Such result is expected since we are
interested in amplitudes involving external states which
are charged only under SU(4). More precisely, the struc-
ture of the O(αs) amplitudes we are interested in, sum-
ming coloron- and gluon-mediated contributions, is of the
type
A(s)|O(g4g2s) = g
2
s
[
A(g)(s)−A(G′)(s)
]
, (9)
such that the result is finite and vanishes identically in
the limit v3 → 0.2
Unless otherwise specified, the results presented in this
section are reported in the limit mG′ = mU .
3 Complete
expressions for generic masses and generic momentum
transfer for the LQ two-point and vertex corrections can
be found in Appendix A.
2 In the limit v3 = 0 the gauge symmetry is spontaneously broken
into SU(3)4 ×SU(3)′, and the SU(3)′ group is irrelevant for the
amplitudes we are looking at.
3 For g3 6= 0, the limit mG′ = mU does not correspond to the
SU(4)V custodial limit. However, this does not cause a prob-
lem in the evaluation of these amplitudes, which are finite in-
dependently of the radial modes. The limit mG′ = mU is then
particularly convenient in order to obtain simple expressions.
4B. Renormalization of g4 from the LQ width
The amplitude for U → qℓ, at NLO accuracy in αs,
can be decomposed as
AUNLO = Atree
[
1 +
αs
4π
(
δVU (m
2
U )
+
1
2
δZU (m
2
U ) +
1
2
δZq(0)
)]
. (10)
Summing the contributions from gluon- and coloron-
exchange, the quark wave-function correction is
δZq(0) = CF
(
1
ǫIR
+ LIRµ − log xG′ −
1
2
)
, (11)
where LIRµ = log(µ
2
IR/m
2
U ) and, for illustrative purposes,
we have kept the explicit dependence on mG′ . As antic-
ipated, the result is UV finite. The UV divergence oc-
curring in pure QCD is recovered in the limit of infinite
coloron mass.
As far as the LQ two-point function is concerned, we
renormalize the mass on-shell (i.e. we directly express
mU in terms of the physical LQ mass). Decomposing the
one-loop contribution to the two-point function as
iΣµνU (q
2) = igµν
αs
4π
ΣU (q
2) +O(qµqν) , (12)
we define the wave-function correction as
δZU (s) =
ΣU (s)− ΣU (m2U )
s−m2U
. (13)
For s = m2U , setting mG′ = mU , we find
lim
s→m2
U
δZU (s) = −8
3
(
1
ǫIR
+ LIRµ
)
+
56
9
− 8
9
√
3π . (14)
Finally, the vertex correction, computed also in the limit
mG′ = mU , is
δVU (m
2
U ) = CF
[
− 2
(
1
ǫIR
+ LIRµ
)
− 1
ǫIR
LIRµ −
1
ǫ2IR
−1
2
(LIRµ )
2 − 1−
√
3π +
7
12
π2
]
. (15)
Using the above results, the two-body contribution to
the decay amplitude, including NLO virtual corrections
in a d-dimensional phase space, can be expressed as
ΓV =
g24
2mU
1
(d− 1)
(
eγEµ2
m2U
) 4−d
2 2−d(d− 2)√
πΓ(d−12 )
×
[
1 +
αs
4π
(
2δVU (m
2
U ) + δZU (m
2
U ) + δZq(0)
) ]
. (16)
The corresponding contribution due to real radiation, in-
tegrated over the whole phase space is
ΓR =
g24
4π
mU
(d− 1)
αs
4π
CF
( 1
ǫ2IR
+
7
2ǫIR
+
2
ǫIR
LIRµ
+7LIRµ + 2(L
IR
µ )
2 − 5π
2
6
+
155
12
)
. (17)
Summing these two contributions, we obtain the (IR-
finite) expression for the NLO inclusive decay width
Γincl =
g24mU
24π
[
1 +
αs
4π
(
76
3
− 32
9
√
3π
)]
≡ gˆ
2
4mU
24π
, (18)
from which we define relation between the physical cou-
pling gˆ4 and g4:
g4 = gˆ4
(
1 +
αs
4π
δg
)
, δg = −38
3
+
16
9
√
3π . (19)
C. Four-fermion amplitudes and Wilson coefficients
The factorizable NLO corrections to the LQ exchange
amplitude in the zero momentum limit can be written as
AUNLO = AUtree
(
1 +
αs
4π
κU
)
,
κU = 2δg + 2δVU (0) + δZU (0) + δZq(0) . (20)
The coupling renormalization and quark wave-function
terms are given in (19) and (11), respectively, while the
LQ wave-function and vertex at zero momentum transfer
are
δZU (0) =
ΣU (m
2)− ΣU (0)
m2U
= −100
9
+
32
9
√
3π ,
δVU (0) = 4 . (21)
Putting all pieces together, we arrive at
κU = CF
(
1
ǫIR
+ LIRµ
)
− 262
9
+
64
9
√
3π . (22)
Proceeding in analogous fashion, we compute the fac-
torizable corrections to the Z ′ exchange amplitude. Here,
there is no O(αs) correction to the vector two point func-
tion. Moreover, the quark vertex correction at zero mo-
mentum transfer satisfies
δV qq¯Z′ (0) = −δZq(0) , (23)
as expected from the conservation of the vector current
in QCD. We thus have
κZ′ = 2δg + δV
qq¯
Z′ (0) + δZq(0) = 2δg , (24)
and therefore the only effect is the change in the overall
coupling once we express it in terms of gˆ4.
The last necessary ingredient to evaluate the ampli-
tudes in the full theory are the box diagrams. We present
these amplitudes projecting the result into the EFT ba-
sis,
Abox = − g
2
4
2m2U
∑
k
αs
4π
δCboxk 〈Ok〉 . (25)
5Separating the non-factorizable δCboxk contributions into
leptoquark-gluon and leptoquark-coloron amplitudes,
δCboxk = δC
[Ug]
k + δC
[UG′]
k , (26)
we find
δC
[UG′]
LR = 4δC
[UG′]
LL = 4δC
[UG′]
de = −4CF f(xG′) ,
δC
[Ug]
LL = δC
[Ug]
de = −CF
(
1
ǫIR
+ LIRµ −
1
2
)
,
δC
[Ug]
LR = −4CF
(
1
ǫIR
+ LIRµ +
1
2
)
,
δCboxld = δC
(1),box
lq = δC
box
qe = 0 , (27)
where f(x) = log x/(x − 1) and f(1) = 1.
To obtain the O(αs) corrections to the Wilson coef-
ficients, we need to perform the matching between the
full and the effective theory. This is trivial for all the
operators in (7) except for OLR, since they involve only
conserved currents (in QCD). In the case of OLR, we
need to subtract the O(αs) corrections to the matrix el-
ement in the EFT from the full amplitude. This yields
the additional term
δCmatchLR = 3CF
(
1
ǫIR
+ LIRµ − Lµ
)
, (28)
where the scale µ appearing in Lµ is the matching scale.
Putting all the ingredients together, we can write the
O(αs) corrections to the Wilson coefficients as
CULL = 1 +
αs
4π
(
κU + δC
box
LL
)
,
CULR = 1 +
αs
4π
(
κU + δC
box
LR + δC
match
LR (µ)
)
,
Cde = 1 + αs
4π
(
κU + δC
box
de
)− 1
4xZ′
(
1 +
αs
4π
κZ′
)
,
Cld = C(1)lq = Cqe = −
1
4xZ′
(
1 +
αs
4π
κZ′
)
. (29)
In the SU(4)V custodial limit, this leads to
CULL = 1+
αs
4π
(
−268
9
+
64
9
√
3π
)
,
CULR = 1+
αs
4π
(
−4Lµ − 334
9
+
64
9
√
3π
)
,
Cde = 3
4
+
αs
4π
(
−211
9
+
56
9
√
3π
)
,
Cld = C(1)lq = Cqe = −
1
4
+
αs
4π
(
19
3
− 8
9
√
3π
)
. (30)
As expected, the scale dependence of CULR matches the
one expected from the anomalous dimension of this op-
erator at O(αs).
D. Discussion
Including also the O(α4) terms computed in [23], the
NLO expressions of the two Wilson coefficients contain-
ing charged currents are
CULL = −
gˆ24
2m2U
(
1 +
α4
4π
c
(4)
LL +
αs
4π
c
(s)
LL
)
,
CULR = −
gˆ24
2m2U
[
1 +
α4
4π
c
(4)
LR +
αs
4π
(
−4Lµ + c(s)LR
)]
, (31)
where
c
(4)
LL =
829
24
− 11
√
3π +
17π2
6
≈ +2.65 ,
c
(s)
LL = −
268
9
+
64
9
√
3π ≈ +8.92 ,
c
(4)
LR =
937
24
− 11
√
3π +
17π2
6
≈ +7.15 ,
c
(s)
LR = −
334
9
+
64
9
√
3π ≈ +1.58 . (32)
Two main observations are in order:
i) All matching corrections are positive. Hence, the
enhancement of low-energy amplitudes at fixed
high-energy inputs already noted in [23] is further
strengthened by the inclusion of the O(αs) terms.
ii) The coefficients of the O(α4) and O(αs) corrections
are of similar size. Since we expect α4 ≫ αs, this
implies that the O(αs) corrections are clearly sub-
dominant. The largest O(αs) correction is the one
to CULL, which does not exceed 6% for αs(2 TeV) =
0.083.
The second statement apparently contradicts the re-
sult of Ref. [24], where it is claimed that QCD matching
corrections in CULL exceed the 10% level. However, this
difference can be understood from the fact that the cal-
culation made in Ref. [24] differs from our analysis in two
important points. First, the vector LQ in Ref. [24] is in-
troduced using an effective approach, without embedding
it into a complete UV theory. This is not consistent for
this field. In the realistic case we have discussed, the em-
bedding into the 4321 model brings the additional contri-
bution of the coloron, providing a consistent cut-off for all
the apparent UV singularities appearing in the effective
approach. Second, the effective LQ coupling in Ref. [24]
is treated as a generic MS coupling and no attempt is
made to connect it to physical observables. Proceeding
this way, the analysis of Ref. [24] does not take into ac-
count the sizable corrections due to the relation between
g4 and high-energy observables.
We have explicitly checked that our results are con-
sistent with those of Ref. [24] once these two effects are
taken into account. We can indeed decompose the finite
terms c
(s)
LL,LR as follows:
c
(s)
LL,LR = c¯
(s,g)
LL,LR + c¯
(s,G′)
LL,LR + 2
(
δ(s,g)g + δ
(s,G′)
g
)
, (33)
6where c¯
(s,g)
LL,LR are the MS results (still with on-shell renor-
malization for the LQ mass), obtained in the absence
of coloron contributions and coupling renormalization.
These agree with the terms reported in Ref. [24]. Sub-
tracting the (unphysical) scale dependence related to the
MS renormalization procedure, they are given by
c¯
(s,g)
LL −
100
9
Lµ =
482
27
≈ +17.9 ,
c¯
(s,g)
LR −
100
9
Lµ =
392
27
≈ +14.5 . (34)
These apparently large corrections are significantly re-
duced by the coloron contributions and by the coupling
renormalization. We further split the latter into gluon-
induced and coloron-induced terms:
c¯
(s,G′)
LL +
100
9
Lµ = −602
27
+
32
9
√
3π ≈ −2.95 ,
c¯
(s,G′)
LR +
100
9
Lµ = −710
27
+
32
9
√
3π ≈ −6.95
δ(s,G
′)
g −
50
9
Lµ = −11
27
+
16
9
√
3π − 8
9
π2 ≈ +0.49 ,
δ(s,g)g +
50
9
Lµ = −331
27
+
8
9
π2 ≈ −3.49 . (35)
As can be seen, in the case of c
(s)
LR the effect of the coloron
and of the coupling renormalization are very similar in
size, and imply a reduction of the gluon-only MS result
of almost one order of magnitude. The reduction is less
pronounced in the case of c
(s)
LL, but still results in an
almost 50% reduction compared to Ref. [24].
IV. IMPACT OF RADIAL MODES
The purpose of this section is to elucidate the role of
radial modes, with particular reference to their heavy-
mass limit. In the absence of Yukawa couplings, the ra-
dial modes enter the amplitudes we are interested in only
via the two-point functions of the heavy vectors. Focus-
ing the attention on the O(α4) corrections, we define
iΣµνV (q
2) = igµν
[α4
4π
Σ
(4)
V (q
2) +O(αs)
]
+O(qµqν) , (36)
and we decompose Σ
(4)
V (s) as
Σ
(4)
V (s) = Σ
(4)
V,0 + sΣ
(4)
V,1 +Σ
(4)
V,reg(s) , (37)
where Σ
(4)
V,reg(s) is regular at s = 0 and is free from UV
divergences.4
4 Complete expressions for Σ
(4)
V,1 and Σ
(4)
V,reg(s), in the absence of
radial fields, are reported in Appendix A. These expressions com-
plement that of Σ
(4)
U,reg(s) already presented in [23].
In a renormalizable theory, as it is the case for our
model once we include the radial modes, the power-like
and logarithmic non-decoupling contributions from heavy
degrees of freedom can always be absorbed into a redefi-
nition of Σ
(4)
V,0 and Σ
(4)
V,1. Employing an on-shell renormal-
ization scheme for the vector masses, we can ignore this
effect in Σ
(4)
V,0 by absorbing it into the physical masses.
Therefore, the only terms where radial modes can ex-
hibit a non-decoupling behavior in the heavy mass limit
are the wave-function corrections, Σ
(4)
V,1.
If we are interested in processes involving a single
heavy vector, this sensitivity to Σ
(4)
V,1 is eliminated by
the on-shell renormalization of the corresponding heavy
vector coupling, as has been done in [23] for the LQ case.
However, a potential problem arises if we are interested in
processes where two or more heavy vectors are involved
already at the tree-level, since two or more Σ
(4)
V,1 appear
at NLO.
The UV divergent terms in Σ
(4)
V,1 have the following
structure
Σ
(4)
V,1 =
(
zYM + zφV + z
R
V
)( 1
ǫUV
+ LUVµ
)
, (38)
with V = U,Z ′, G′, and where the three expressions in
parentheses refer to the contributions of gauge, fermion,
and ghost fields (zYM), the contribution of the Goldstone
bosons (zφV ), and the contribution of the radial modes
(zRV ). The gauge, fermion, and ghost factor z
YM = 16/3
is universal. In general, this is not the case for the two
separate scalar factors. The Goldstone terms, which are
the only contributions included in the expressions re-
ported in the Appendix, are
zφU = −
1
12
ω21 + 3ω
2
3
ω21 + ω
2
3
,
zφZ′ = −
1
24
(ω21 + 3ω
2
3)
2
(ω21 + ω
2
3)
2
,
zφG′ = −
1
24
7ω41 + 6ω
2
1ω
2
3 + 3ω
2
3
(ω21 + ω
2
3)
2
. (39)
This implies that, in general, in the non-linear description
of the SU(4)×SU(3)′→ SU(3)c symmetry breaking, we
need to renormalize separately the different vector fields
to cancel all UV divergences. This unavoidably decrease
the predictive power of the theory, since we need to treat
the three couplings as independent free parameters.
This problem disappears once we include the radial
modes. Indeed, the zRV can be written as
zRV = −
2
3
− zφV , (40)
so their presence restores the universality of the UV di-
vergences, as expected by the renormalizability of the
theory. However, this occurs at the cost of introducing
(non-decoupling) log(M2R/m
2
V ) contributions after the
7(universal) field renormalization. We have checked ex-
plicitly that these non-decoupling effects are in one-to-
one correspondence with the residual scale dependence
induced by the non-universal behavior of the zφV piece.
Namely, in the limit of a heavy and degenerate radial
spectrum, the non-decoupling log(M2R/m
2
V ) effects sur-
viving after renormalization are proportional to the dif-
ferences among the zφV .
A key observation is that an effective universal field
renormalization is possible also in absence of radial fields
if ω1 = ω3. Indeed, in the SU(4)V custodial limit, we
have
lim
ω1=ω3
zφV = −
1
6
. (41)
In the non-linear description, the different field renormal-
ization for generic ωi is a consequence of the appearance
of the following two independent effective operators at
NLO:
OΩ3 = Tr
(
HˆµνHˆ
†
µνΩ3Ω
†
3
)
,
OΩ1 = Tr
(
HˆµνHˆ
†
µνΩ1Ω
†
1
)
, (42)
where Hˆµν = TαH
α
µν . In the custodial limit, they reduce
to a single operator, proportional to Tr(HˆµνHˆ
†
µν), giv-
ing rise to a universal field renormalization. Hence, in
the SU(4)V custodial limit, any sensitivity to the radial
modes (in the limit of heavy masses) can be completely
absorbed by the on-shell renormalization of the (univer-
sal) vector coupling g4.
Beyond the custodial limit, we can effectively estimate
the error of neglecting the radial modes when employing
a universal vector-field renormalization, by looking at the
residual non-universal scale dependence in Σ
(4)
V,1. For in-
stance, if we renormalize the coupling with an on-shell
LQ process, the leading effect induced on the Z ′ cou-
pling when neglecting heavy (degenerate) radial modes
is proportional to (zφZ′ − zφU ) log(M2R/m2U ). We can cor-
rect for this leading effect, remaining with an ambiguity
of the type (zφZ′ − zφU ) × O(1), which is expected to be
small.
Finally, we address the question of how large the im-
pact of radial modes can be if they are not heavy. In
this case, we do expect finite effects independently of
the renormalization procedure. Considering for simplic-
ity the limit where all radial modes have the same mass,
MR = MU , and employing the custodial limit for the
vector masses as well, we find
δΣRU (0) =
17π
6
√
3
− 5 ≈ 0.14 , (43)
with δΣU as defined in Ref. [23]. Even for g4 = 3, this
result leads to a correction to the matching coefficients
evaluated in Ref. [23] below 1%.
For completeness, we also report the corresponding ef-
fects at O(αs) in the same mass limit MR = MU . Em-
ploying the same notation as in Section III, we obtain
δ(s,R)g = −
2
3
+
4
27
√
3π ≈ 0.14 ,
c¯
(s,R)
LL = c¯
(s,R)
LR = c¯
(s,R)
de = −
8
3
+
4
9
√
3π ≈ −0.25 , (44)
which are also negligible.
V. CONCLUSIONS
The growing interest on leptoquark-mediated pro-
cesses, both at low and at high energies, calls for analyses
of the corresponding amplitudes beyond tree-level accu-
racy. In the case of a massive spin-1 leptoquark, this is
possible only if the field is embedded into a consistent
model with additional degrees of freedom. In this pa-
per, we have clarified two open issues concerning NLO
effects in LQ-mediated amplitudes, assuming the LQ to
be the massive gauge boson arising from the sponta-
neous symmetry breaking SU(4) × SU(3)′ × U(1)X →
SU(3)c × U(1)Y .
On one hand, we have computed the O(αs) corrections
to the high-scale matching conditions of semileptonic op-
erators. These corrections are of the order of a few per-
cent for LQ masses in the few TeV range and, in the pa-
rameter space of phenomenological interest, are clearly
subleading compared to the O(α4) corrections evaluated
in Ref. [23]. We have clarified two key ingredients that
are necessary for a consistent evaluation of the O(αs)
corrections: i) the identification of all the colored states
at the TeV scale; ii) the necessity to express at O(αs)
accuracy the LQ coupling in terms of high-energy ob-
servables. As we have shown, in the processes considered
here, both effects significantly reduce the overall impact
of the QCD corrections.
On the other hand, we have analyzed the dependence
of NLO corrections, both at O(α4) and at O(αs) accu-
racy, from the (unknown) spectrum of massive scalars,
which necessarily appear in the sector responsible for the
SU(4)× SU(3)′ × U(1)X → SU(3)c × U(1)Y symmetry
breaking. As we have shown, the infinite mass limit for
the radial modes can lead to ambiguities in the estimate
of NLO effects on LQ-mediated amplitudes if the spec-
trum of the heavy vectors is not degenerate. However, in
the minimal setup, where the symmetry is broken via the
scalar fields Ω1,3 and under the assumption of an almost
degenerate spectrum of radial modes, we have also shown
that these ambiguities are negligible already at O(α4).
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Appendix A: Loop functions
1. LQ two-point function at O(αs)
Separating coloron and gluon contributions, the two-
point LQ functions at O(αs), in the absence of radial
modes, is decomposed as
i
αs
4π
[
Σ
(s,G′)
U (s) + Σ
(s,g)
U (s)
]
gµν . (A1)
The coloron contribution is
Σ
(s,G′)
U (s) = Σ
(s,G′)
U,0 + CF
{
s
[
−10
3
∆U − 32
9
+
10xG′
3
f(xG′)
]
+
[
6m4U
s
(
x2G′
9
− 2xG′
9
+
1
9
)
− 10s
3
+m2U
(
x2G′ −
13xG′
3
− 4
3
)]
F (s,m2G′ ,m
2
U )
}
, (A2)
where
∆U =
1
ǫUV
− γE + log(4π) + LUVµ ,
f(x) =
log(x)
x− 1 , (A3)
and F (s,m2X ,m
2
Y ), defined as in [27], satisfies
F (0,m2X ,m
2
Y ) = 0. The gluon contribution is
Σ
(s,g)
U (s) = Σ
(s,g)
U,0 + CF
{
s
[
10
3
∆U +
62
9
]
− 2m
4
U
3s
+6
(
−m
6
U
9s2
+
m4U
3s
+
m2U
3
− 5s
9
)
log
(
1− s
m2U
)}
.
(A4)
Finally, the contribution of radial modes, which is finite
up to mass correction terms, can be written as
Σ
(s,R)
U (s) = Σ
(s,R)
U (0)−CFm2Ux2G′F (s,m2G′ ,m2R) . (A5)
2. LQ vertex correction at O(αs)
Similarly to the two-point function, we decompose the
O(αs) corrections to the LQ vertex as
i
g4√
2
γµ
αs
4π
[
δV (s,G
′)(s) + δV (s,g)(s)
]
. (A6)
The coloron contribution is
δV (s,G
′)(s) = CF
[
− 3∆U − 5
2
+ 3xG′f(xG′)
−3Λ4(s,mG′ ,mU )
]
, (A7)
where Λ4(s,mX ,mY ), defined as in [27], satisfies
Λ4(0,mX ,mY ) = 0. The gluon contribution, for generic
values of s, can be decomposed as
δV (s,g)(s) = CF
{
3∆U − 2
(
1
ǫIR
+ LIRµ
)
+
2m2U
s
log
(
m2U
m2U − s
)(
1
ǫIR
+ LIRµ
)
−m
2
U
s
[
1− log2
(
m2U
m2U − s
)
+ 2Li2
(
s
s−m2U
)]
+
(
m4U
s2
− 1
)
log
(
m2U
m2U − s
)}
. (A8)
3. Vector two-point functions at O(α4)
Following the decomposition in (37), we present here
the explicit expressions of the Σ
(4)
V,1 coefficients and the
Σ
(4)
V,reg(s) functions. The regular terms are defined up
to constant and linear terms in s that we can reabsorb
in Σ
(4)
V,0 and Σ
(4)
V,1, respectively. For simplicity, we define
them to be
Σ
(4)
U,reg(s) =
Nf
3
s log
(
− s
m2U
)
+
[
m4U
s
(
−x
3
G′
9
− 2x
2
G′
3
+
5xG′
3
− 8
9
)
− s
(
xG′
9
− 40
9
)
+m2U
(
16
9
+ 6xG′ − 10x
2
G′
9
)]
F (s,m2U ,m
2
G′)
+
[
m4U
s
(
−x
3
Z′
18
− x
2
Z′
3
+
5xZ′
6
− 4
9
)
− s
(
xZ′
18
− 20
9
)
+m2U
(
8
9
+ 3xZ′ − 5x
2
Z′
9
)]
F (s,m2U ,m
2
Z′) ,
Σ
(4)
Z′,reg(s) =
Nf
3
s log
(
− s
m2U
)
+
[
s
(
6 +
2xZ′
3
− x
2
Z′
6
)
+m2U
(
8 +
16xZ′
3
− 1
3
10x2Z′
)]
F (s,m2U ,m
2
U ) ,
9Σ
(4)
G′,reg(s) =
Nf
3
s log
(
− s
m2U
)
+
[
39
8
s+
15
2
m2UxG′
]
F (s,m2G′ ,m
2
G′)
+
[
s
(
3
2
+
xG′
6
− x
2
G′
24
)
+m2U
(
2 +
4
3
xG′ − 5
6
x2G′
)]
F (s,m2U ,m
2
U ) . (A9)
With this choice, the Σ
(4)
V,1 are
Σ
(4)
U,1 =
(
20
3
− Nf
3
− xZ′
18
− xG′
9
)
∆U +
(
64
9
− 5Nf
9
− 5xZ′
54
− 5xG′
27
)
−
(
40
9
− xG′
9
)
xG′f(xG′)−
(
20
9
− xZ′
18
)
xZ′f(xZ′) ,
Σ
(4)
G′,1 =
(
51
8
− Nf
3
+
xG′
6
− x
2
G′
24
)
∆U −
(
5Nf
9
− 1
4
− xG′
9
+
x2G′
36
)
− 39
8
log (xG′) ,
Σ
(4)
Z′,1 =
(
18
3
− Nf
3
+
2xZ′
3
− x
2
Z′
6
)
∆U −
(
5Nf
9
− 4xZ′
9
+
x2Z′
9
)
. (A10)
As expected, the expressions for Σ
(4)
V,1 or Σ
(4)
V,reg(s) are all equal in the SU(4)V custodial limit, i.e formU = mZ′ = mG′ .
Also note that in this limit Σ
(4)
V,reg(0) = 0.
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